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Abstract.
During its early evolution the Universe provided a laboratory to probe fundamental physics
at high energies. Relics from those early epochs, such as the light elements synthesized dur-
ing primordial nucleosynthesis when the Universe was only a few minutes old, and the cosmic
background photons, last scattered when the protons (and alphas) and electrons (re)combined
some 400 thousand years later, may be used to probe the standard models of cosmology and of
particle physics. The internal consistency of primordial nucleosynthesis is tested by comparing
the predicted and observed abundances of the light elements, and the consistency of the stan-
dard models is explored by comparing the values of the cosmological parameters inferred from
primordial nucleosynthesis with those determined by studying the cosmic background radiation.
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1. Introduction
Primordial nucleosynthesis provides a key probe of the physics and early evolution of
the Universe. Big Bang Nucleosynthesis (BBN; ∼ 20 minutes) and the cosmic microwave
background (CMB) photons, last scattered at recombination (∼ 400 kyr), provide com-
plementary probes of the physics of the early evolution of the Universe.
For a brief period during its early evolution the hot, dense Universe is a cosmic nu-
clear reactor. Since the Universe is expanding and cooling rapidly, there is only time to
synthesize in astrophysically interesting abundances the very lightest nuclides (D, 3He,
4He, and 7Li). In the standard models of cosmology and particle physics described by
General Relativity, the universal expansion rate, the Hubble parameter, H , is determined
by the total mass/energy density: H2 ∝ Gρ, where H = H(z), z is the redshift, G is
the gravitational constant, and ρ is the energy density. During such early epochs, the
Universe, which is filled with relativistic particles including three flavors of light neutri-
nos (Nν = 3), is “radiation dominated”, and the abundances of the nuclides synthesized
during BBN depends on only one cosmological parameter, ηB, which provides a measure
of the universal density of baryons.
ηB ≡ nB/nγ ≡ 10
−10η10. (1.1)
In eq. 1.1, nB is the number density of baryons and nγ is the number density of cosmic
background photons. The only baryons present at BBN are nucleons, i.e., protons and
neutrons. In contrast to the standard model of cosmology, there is a class of non-standard
cosmological (and/or particle physics) models in which the expansion rate may differ from
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its standard model value, H ′ 6= H . In these non-standard models the expansion rate can
be parameterized by an “expansion rate parameter”, S, or equivalently, by an “effective
number of neutrinos”, Nν 6= 3, where
S2 ≡ (H ′/H)2 ≡ G′ρ′/Gρ ≡ 1 + 7∆Nν/43. (1.2)
More generally, the effective number of “extra” neutrinos, ∆Nν ≡ Nν −3, parameterizes
any non-standard energy density (ρ′ 6= ρ), normalized to the contribution from one
standard model neutrino by,
∆Nν ≡ (ρ
′ − ρ)/ρν . (1.3)
However, even if ρ′ = ρ, it could be that Nν 6= 3 (∆Nν 6= 0) if the early-Universe
gravitational constant differs from its current value, G′ 6= G,
G′/G = S2 = 1 + 7∆Nν/43. (1.4)
As will be seen below, in this class of non-standard models the BBN-predicted (nSBBN)
primordial abundance of deuterium depends largely on the baryon density parameter, ηB
(deuterium is a cosmological baryometer), while that of helium-4 is sensitive to the early
Universe expansion rate, S (4He is an early universe chronometer).
In order to test the standard models of cosmology and particle physics, two key ques-
tions are addressed:
1. Do the light element abundances predicted by BBN agree with the pri-
mordial abundances inferred from observations?
2. Do the BBN values of ηB and S (Nν) agree with those inferred from inde-
pendent, non-BBN observations (e.g., from the CMB)?
2. Standard Big Bang Nucleosynthesis (SBBN)
For SBBN (Nν = 3), the light element relic abundances are only a function of the
baryon density parameter, ηB. Among the light nuclides, deuterium is the baryometer
of choice. There are several reasons why D occupies this special place. One is that the
post-BBN evolution of deuterium is simple and monotonic: as gas is cycled through
stars (producing the heavy elements), D is only destroyed (Reeves et al. (1973), Epstein,
Lattimer, & Schramm (1976)). As a result, if deuterium is observed anywhere in the
Universe, at any time in its evolution, the observed abundance will be no larger than
the primordial value: (D/H)OBS 6 (D/H)P. In addition, for systems of low metallicity, a
sign that very little of their gas has been cycled through stars which destroy deuterium,
the observed D abundance should approach the primordial value: (D/H)OBS → (D/H)P
(the “Deuterium Plateau”). Another reason to prefer D is that its predicted primordial
abundance is sensitive to the baryon density parameter; since (D/H)P ∝ η
−1.6
B
, a ∼ 10%
determination of (D/H)P results in a ∼ 6% determination of ηB.
The deuterium abundance is determined by comparing the H I and D I column densi-
ties inferred from observations of absorption of radiation from background UV sources by
intervening gas. In searching for the Deuterium Plateau the relelvant data is provided by
observations of high-redshift, low-metallicity, QSO Absorption Line Systems (QSOALS).
Unfortunately, at present there are only seven, relatively reliable D abundance determi-
nations Pettini et al. (2008), which are shown in Figure 1.
The weighted mean of the seven D abundances is log(yDP) = 0.45. However, as may
be seen from the Figure 1, only three of the seven abundances lie within 1σ of the mean.
Indeed, the fit to the weighted mean of these seven data points has a χ2 = 18 (χ2/dof =
3). Either the quoted errors are too small or, one (or more) of the determinations is
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wrong, perhaps contaminated by unidentified (and, therefore, uncorrected) systematic
errors. In the absence of evidence identifying the reason(s) for such a large dispersion,
the best that can be done at present is to adopt the mean D abundance and to inflate
the error in the mean in an attempt to account for the unexpectedly large dispersion
among the D abundances (Steigman (2007)).
log(yDP) ≡ 0.45± 0.03. (2.1)
For this relic D abundance, SBBN predicts that the baryon density parameter is
η10(SBBN) = 5.80± 0.28, (2.2)
corresponding to a baryon mass density ΩBh
2 = 0.0212± 0.0010.
For η10(SBBN), the SBBN-predicted abundances of the remaining light nuclides are
y3P ≡ 10
5(3He/H)P = 1.07± 0.04, (2.3)
YP = 0.2482± 0.0007, (2.4)
[Li]P ≡ 12 + log(Li/H)P = 2.67
+0.06
−0.07. (2.5)
2.1. Consistency Of SBBN?
Having used the deuterium observations along with the predictions of SBBN to deter-
mine the baryon density parameter, we may now ask if the observed abundances of 3He,
4He, and 7Li are consistent with their SBBN-predicted primordial values.
Figure 1. The logs of the deuterium abundances, yD ≡ 10
5(D/H), observed in high-z, low-Z
QSO Absorption Line Systems (Pettini et al. (2008)), as a function of the corresponding oxy-
gen abundances. For comparison, the solar deuterium and oxygen abundances are shown
(Geiss & Gloeckler (1998)). The band indicated by the solid lines is the 68% range of the SBB-
N-predicted primordial D abundance using the CMB-determined baryon density parameter (see
§3).
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Helium - 3.
The post-BBN evolution of 3He is model dependent and, considerably more com-
plicated than that of D. Overall, the 3He abundance is expected to increase during
Galactic chemical evolution (see, e.g., Rood (1972), Rood, Steigman, & Tinsley (1976)).
Observations of 3He are limited to the relatively evolved H II regions in the Galaxy
(Bania, Rood, & Balser (2002)). The data are shown in Figure 2, where the observed
3He abundances are plotted versus the corresponding H II region oxygen abundances.
The data reveal a minimum (primordial?) 3He abundance which is consistent with the
SBBN prediction. While the higher observed abundances support the expectation of net
post-BBN production of 3He, the absence of a correlation with the oxygen abundances
is puzzling.
Helium - 4.
The primordial abundance (mass fraction) of 4He is inferred from observations he-
lium and hydrogen recombination lines from metal-poor, extragalactic H II regions (Blue
Compact Galaxies: BCDs). In using these data to determine the primordial helium
abundance, the systematic errors (underlying stellar absorption, temperature and den-
sity inhomogeneities, ionization corrections, atomic emissivities, etc.) dominate over the
statistical errors and the uncertain extrapolation to zero metallicity. In my opinion,
the uncertainty in YP is sigma(YP) ≈ 0.006 and not σ(YP) < 0.001, as claimed in
some published papers. Therefore, rather than show the helium abundances inferred
from observations of hundreds of BCDs, in Figure 3 are shown the handful of he-
lium abundances determined from careful observations of a few H II regions where at-
Figure 2. The 3He abundances, y3 ≡ 10
5(3He/H), observed in Galactic H IIregions from
Bania, Rood, & Balser (2002) are shown as a function of the corresponding oxygen abundances.
For comparison, the solar helium-3 and oxygen abundances are shown. The band indicated by
the solid lines is the 68% range of the SBBN prediction for the primordial 3He abundance using
the CMB-determined baryon density parameter (see §3).
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tention has been paid to some but, even here, not all, sources of systematic uncer-
tainties (Olive & Skillman (2004), Peimbert, Luridiana, & Peimbert (2007)). The seven
Olive & Skillman (2004) H II regions are consistent with no correlation between the he-
lium and oxygen abundances, leading to a weighted mean, YOS = 0.2500± 0.0030. The
same is true for the five H II regions studied by Peimbert, Luridiana, & Peimbert (2007),
with YPLP = 0.2517± 0.0043, where the PLP statistical and systematic errors have been
added linearly. The independent analyses of OS and PLP agree. The surprising absence
of evidence for statistically significant slopes in their Y versus O/H relations prevents
an extrapolation to zero metallicity in order to find YP. However, the weighted means
do provide upper bounds to YP: YP < 〈Y 〉. As may be seen by comparison with eq. 2.4,
these data are consistent with the SBBN prediction.
Lithium - 7.
Like deuterium, lithium (6Li and 7Li) is fragile. In contrast to deuterium, post-BBN
lithium is produced via Cosmic Ray Nucleosynthesis and by some stars (see these Pro-
ceedings). This is confirmed by Galactic observations of lithium as a function of metal-
licity. It is therefore expected that in the limit of low metallicity the lithium abundance
should approach a plateau, the “Spite Plateau”. However, while the primordial abun-
dances of 3He and 4He inferred from the observational data are consistent with the SBBN
predicted abundances based on the deuterium abundance, 7Li poses a severe problem.
As may be seen from Figure 4, the lithium abundances derived from observations of
the most metal-poor halo and globular cluster stars in the Galaxy lie well below the
Figure 3. The 4He mass fractions, Y, derived from a selected sample (see the text) of low
metallicity, extragalactic H II regions, as a function of the corresponding H II region oxygen
abundances. The blue filled circles are from Peimbert, Luridiana, & Peimbert (2007) and the red
filled squares are from Olive & Skillman (2004). The band indicated by the solid lines is the 68%
range of the SBBN prediction for the primordial 4He mass fraction using the CMB-determined
baryon density parameter (see §3).
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SBBN-predicted value (see eq. 2.5). The discrepancy between the prediction and the ob-
servations is a factor of ∼ 3− 5. In addition, at the lowest iron abundances, the lithium
abundances appear to be decreasing with metallicity. Where is the Spite Plateau? What
is the value of [Li]P?
Thus, although the predictions and observations of D, 3He, and 4He are consistent with
SBBN, lithium is a problem. Setting lithium aside, we may ask if SBBN is consistent
with the CMB?
3. SBBN With The CMB-Inferred Baryon Density Parameter
The CMB temperature anisotropy spectrum depends on the baryon density parameter
ηB (see the contribution by Dunkley in this volume). From the WMAP data Dunkley et al. (2009)
find ΩBh
2 = 0.02273± 0.00062, which corresponds to (Steigman (2006))
η10(CMB) = 6.226± 0.170. (3.1)
The baryon density parameters inferred from deuterium and SBBN, when the Universe
was ∼ 20 minutes old, and from the CMB, last scattered some 400 thousand years later,
agree within ∼ 1.5σ (the glass is half full). SBBN and the CMB are consistent (modulo
the lithium problem).
It is interesting to check the consistency of SBBN and the CMB by comparing the
SBBN-predicted primordial light nuclide abundances determined using the CMB value
of baryon density parameter to the observations. These comparisons are shown by the
Figure 4. The lithium abundances, [Li]≡ 12+log(Li/H), derived from observations of low metal-
licity Galactic halo and globular cluster stars as a function of the iron abundance (relative to
solar). Blue filled circles (Asplund et al. (2006)), red, filled triangles (Boesgaard et al. (2005)),
green filled squares (Aoki et al. (2009)). The black filled circle (Lind et al. (2009)) is for the
globular cluster NGC6397. The band indicated by the solid lines is the 68% range of the SBBN
prediction for the primordial 7Li abundance using the CMB-determined baryon density param-
eter (see §3).
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horizontal bands in Figures 1-4. For SBBN with ηB(CMB),
log(yDP) = 0.40± 0.02 (yDP = 2.52± 0.13), (3.2)
y3P = 1.03± 0.03, (3.3)
YP = 0.2489± 0.0006, (3.4)
[Li]P = 2.74± 0.05. (3.5)
The SBBN/CMB-predicted abundances of D, 3He, and 4He are consistent with their
observationally-inferred primordial values, but the lithium discrepancy is exacerbated.
SBBN (Nν = 3) and the CMB are consistent (but lithium is a problem!).
4. Non-Standard Big Bang Nucleosynthesis (nSBBN): Nν 6= 3
For non-standard BBN (nSBBN) with Nν 6= 3, the relic abundances of the light nu-
clides are functions of two parameters, ηB and Nν . First, consider deuterium. The nSBBN
primordial abundance is predicted to vary as yDP ∝ η
−1.6
D
, where ηD = ηD(η10,Nν) (see,
e.g., Kneller & Steigman (2004), Steigman (2007)). It is interesting to explore the conse-
quences of using the CMB (Dunkley et al. (2009)) to fix η10 and the observed primordial
D abundance to determine ηD. This leads to a combined BBN and CMB prediction for
Nν . For log(yD) = 0.45 ± 0.03 and η10(CMB) = 6.23 ± 0.17, Nν = 4.0 ± 0.7. Here, the
relative insensitivity of yDP to Nν has amplified the small difference between η10 and ηD
into a relatively large value (and uncertainty) of ∆Nν = 1.0± 0.7. Although the central
value of the effective number of neutrinos determined this way is Nν 6= 3, this result is
consistent with Nν = 3 at ∼ 1.4σ. Using this value of Nν along with η10(CMB), how
do the predicted BBN abundances of the remaining light nuclides compare with their
observationally inferred primordial values? Here, I concentrate on the two key elements,
4He and 7Li (by construction, D is de facto consistent).
For this combination of η10 and Nν , the primordial
4He mass fraction is YP = 0.261±
0.009. Here, the sensitivity of YP to Nν has amplified the small difference between η10 and
ηD into a relatively large value (and uncertainty) of YP. As may be seen from Figure 3,
within the large uncertainty of this prediction, the very high central value is consistent
with the data.
The BBN-predicted abundances of D and 7Li are very tightly correlated, both for Nν =
3 and Nν 6= 3 (Kneller & Steigman (2004), Steigman (2007)). As a result, even for this
example of nSBBN, the predicted primordial lithium abundance is very similar to its
SBBN value, [Li]P = 2.70
+0.05
−0.06, in conflict with the observational data in Figure 4.
Thus, although this variant of nSBBN is consistent with D, 3He, and 4He, the lithium
problem persists! Nonetheless, this example illustrates the potential value of combining
BBN and the CMB to constrain and test non-standard models of particle physics and
cosmology. A slightly different variant of this approach is presented in the next section.
5. Using 4He And The CMB To Constrain Nν
Of the light nuclides synthesized during BBN, the 4He mass fraction is most sensitive
to non-standard physics (Nν 6= 3). Indeed, for |∆Nν | <∼ 1, ∆Y P ≈ 0.013∆Nν, so that a
good bound (small uncertainty) to YP would result in a tight constraint on Nν . According
to Kneller & Steigman (2004) and Steigman (2007), using η10(CMB)= 6.22±0.16, a very
good fit to YP, is
YP ≈ 0.2486± 0.0007 + 0.013∆Nν. (5.1)
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As mentioned earlier, the present uncertainty in the observationally inferred value of
YP is dominated by systematic errors. To illustrate the potential value of an accurate
determination of YP, let’s adopt the weighted mean of the Olive & Skillman (2004) he-
lium abundances as an upper bound to the primordial 4He mass fraction: YP < 〈Y 〉OS =
0.2500± 0.0030. Comparing this BBN prediction of YP with the upper bound inferred
from the data leads to an upper bound on the effective number of neutrinos,
∆Nν < 0.11± 0.24 (Nν < 3.11± 0.24). (5.2)
If, instead, we had adopted the weighted mean of the Peimbert, Luridiana, & Peimbert (2007)
helium abundances, we would have found ∆Nν < 0.24 ± 0.33 (Nν = 3.24 ± 0.33). Just
a few good H II region 4He abundances are all that is needed to obtain a very strong
constraint on Nν . For these combinations of η10(CMB) and Nν , the bounds to the D and
3He abundances are consistent with the data, while lithium remains a problem.
6. Challenges
SBBN (Nν = 3) is consistent with the CMB and with the observationally-inferred
primordial abundances of D, 3He, and 4He, but 7Li poses a problem. SBBN and the
CMB in combination allow, but also constrain, some models of non-standard physics.
The challenges facing BBN, largely observational, makes the timing of this meeting ideal.
Having had the luxury of being one of the first speakers, I will end by presenting my list
of challenges to those who follow.
1. Why is the spread in the observed deuterium abundances so large?
2. Why are the observed 3He abundances uncorrelated with either the oxygen abundances
or with the distance from the center of the Galaxy?
3. What are the sources (and the magnitudes) of the systematic errors in YP and, are
there observing strategies to reduce them?
4. What is the primordial abundance of 7Li (and of 6Li)?
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